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ABSTRACT

Nev experimental upper limits for the branching ratios of
the lepton-family-number nonconserving decays u* + e*y and
b7 -+ e'yy are presented. A nev determination uf vy, the
ratio of pion axial vector to vector form factors, from
radiative pion d2cay ‘s also reported. These results are
from data taken with the Crystal Box detector at LAMPF.

1. RARE MUON DECAYS

No process violating conservation of lepton family number, like
ut + e*y, u*t + e*e*e”, u * e'yy, and uTA # e"A, has ever been seen.
Such processes are forbidden in the standard model! of electroveak
interactions, but are alloved in many extensions to this model.? The
existing expecimeatal upper limits for the transition rates impose
model-dependent constraints on the theoretical parameters, like
mixing angles or gauge-boson masses, that describe such processes.

The best present exgerimental upper limits (90X C.L.) of the
branching ratios for u* + e’y and u* + e’ yy ared ¢

( + ey) -10 T'(u + eyy) -3
ey XY <1.7 x 10 and Beyy ® s alh € 8.4 x 107°.
Ve report here improved limits for B__ and B from data taken vith

the Crystal Box detector in the stoa;od muoﬁvzhunnel at the Clinton
P. A.derson Meson Physics Facility (LAMPF).

The Crystszl Box detector,® shown in Fig. 1, consists of 396
NaI(TQ?) crystals, 36 plastic scintillation hodoscope counters, and a
cylindrical B8-plane stereo dirift chamber® surrounding a thin planar
polystyrene target vhere muons decay at rest. The position
resolution of each vire is 330 un. The NaI(TQ) position resolution
is 4.7 em. The NaI(T?) energy resolution for positrons and photons
is ~ 7X. The timing resolution of the NaI(T!) is 1.2 ns and of the
scintillators is 0.29 ns. (All resolutions are FVHM.)



The data for u* + e'y,
ut » etete”, and u* -+ e*yy vere
collected concurrently. Data
vritten on magnetic tape for
each candidate rare-decay event
included timing and energy
information from all hodoscope
counters and from those NaI(T)
crystals with at least 0.1 MeV
deposited energy, and timing
information from the drift-
x chamber cells that were hit.

The apparatus acceptances
for the rare decay modes vas
determined with a Monte Carlc
simulation, based on the shower
code EGS3,” that accurately
reproduced the response of the
detector to photons, positrons,
Fig. 1. The Crystal Box and electrons.
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The u* » e*I data analysis is presented first. The signature
for a u* + e’y decay at rest is a positron and a photon
back-to-back, in time coincidence, wvwith E_ = E_ = 52.8 MeV. The
hardvare trigger for u* + ey required a coincidénce vithin t5 ns of
a "positron quadrant" and an opposite "photon quadrant", vith -t
least 30 MeV deposited in the NaI(TQ?) of each quadrant. A positrer
quadrant had a hodoscope counter signal and one or more NaI(T()
discriminator signals. A photon guadrant had no hodoscope counter
signal and at least one NaI(TQ) discriminator signal. The trigger
selected ~ 107 candiadate from ~ 10!12 muon decays. The detector
resolutions for eiergies, times, and directions vere sufficient to
identify backgrounds from u* + e*viy and random coincidences.

The offline data reduction retained for subsequent analysis all
u* 9 ey events and an appreciable number of u* + e*viy events and
random coincidences, , The remaining 17 073 events satisfied
lAte | <5 ns, 9e 2 160 , E. 2 44 MeV, and E_ > 40 MeV, Fig. 2a
showd Oto. s the photon-positron relative tixing. for a subset of
these evenls. The broad distribution is due to random coincidences,
vhile the prompt peak is due to u* + e*Viy and possibly u* =+ &'y,

The u* + e'y content vas found by maximizing the likelihood

N | Mey "8 "R
L(ngyongg) = 1 | - PGR) + ~ o)) ¥ R(R,)
vith respect to the parameters n__, ny,, and Np « N - n -n that
estimated the number of u* -+ e*y, 'u 53.,qu' Bnd randos” eveggs in
the total sample of N events. P, Q, and R vere the probability
distributions for u* + e*y, u* + e*Wy, and random events,
respectively. The vector % had components © ¥ Oty.» Eq» and E_.
Fig. 3 shows the normalized likelihood "functlon.® 1t penl: at

Ney ® 0 and npp = 3470 ¢ 80 &+ 300 events. The latter agrees vell
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Fig. 2. Histograms of ey candidates Fig. 3. u+ey likelihood

vith the 3960 + 90 ¢« 200 y* + e*Viy events expected in the data.
The likelihoced tfunction distribution implies ey € 11 events (90X
C.L.). Using the number of muons stopped, 1.35 x IO". during the
live time ot the experiment, the apparatus acceptance for u* =+ e'y,
0. 305, and the detection efficiency, 0.545, ve obtain
B,. € 4.9 %10 i1, Fig. 2a-d shows the agreement betwveen the data
(ﬁrstogrammed) and the best mix of u* » e*viy and randoms (smooth)
as deteimined by the likelihood analysis.

The preliminary analysis of ~ 60% of the u* » e'yy data is
presented next. The signature for a u* + e*yy decay at rest is a
positron and twvo photons in time coincidence emerging with zero net
momentum and Etgr " B + Eyq + E g = 105.6 MeV. The ihree particles
could strike  two quadraﬂls o the Crystal Box and fire the ey
trigger discussed above, or could strike three quadrants and fire
the e\y trigger. The u* + e*yy trigger required a time coincidence
vithin ¢5 ns of a positron quadrant and tvo photon quadrants, with
at least 70 MeV deposited in the NaI(TQ) calorimeter.

The eyy trigger recorded ~ 10¢ candidates from ~ 10!2 muon
decays. In addition, ~ 10° candidates vere found in the
ey-triggered events, vhere the positron and one photon occupled the
same quadrart. Fig. 4 shovs the relative timing distribution for
some of these events, the majority being backgrounds from triple
random coincidences or tvo-particle prompt even.s in random
coincidence with a third particle (e.g., u* » "Wy + ¥y).

The offline analysis removed most of the double- and
triple-random coincidencen vhile retaining all of the u* + e'yy
events, assuming the most general local interaction for the
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Fig. 4. Scatter plot of eyy candidates Fig. 5. u+eyy likelihood
u* » e*yy matrix element.® Events with one particle showering and
appearing as twvo hits in the trigger 1in coincidence with another
particle vere removed b" energy and Jpening-angle cuts.

The number of u* » e*vyy events in the remaining sample of 15
events vas estimated by maximizing the likelihood

N
L(ng,.) = N [ neN“ P(Ry) + n?“ n(i’i)]

eyy =l

vith respect to the parameters n and n that estimated
the number of u* » e*yy and gzlkgrouns events fI the samgle of N
events. P and R vere the probability distributions for u* -+ e*yy
and background. respectivel The components of ¥ vere E ot’
At = 2t + Bb + and cosa = B E
vhere 3 anJ B ere tle momenta most nearry perpendicular t each
other, p_, wvas tHe unit vector normal to the Pa-Pp Plane, and vas
the thira particle’s momentum.

The 1likelihood functlon distribution in Fig. 5 implies
exv < 4.2 (90X C.L.). Using the number of muons stopped,
8.0 'x 1011, during the live time of the experiment, the apparatus
acceptance for p* + e'yy, 0.071, and the detectcr efficiency. 0.501,

ve obtain BeTY < 1.5 x 10719 (90% C.L.).

2. RADIATIVE PION DECAY

The lov-energy benavior of QCD, the strong interaction
component of the standard model, 1is extremely difficult to
determine. Nevertheless, there are serious attempts to calculate
low-energy parameters such as the ratio vy » F,/F, of the pnion veak
axial-vecrtor to vector form factors. This ratio can be measured in
the radiative decay of the pion, n* - e*v_ vy, vhere the decay rate i=
determined by the coherent admixture of an amplitude sensitive to



the strong interaction (v dependent’) and an amplitude that accounts
for QED corrections to the decay n* = e*v

The weighted averages of twvo prevzous measurementsi®’ll of y
are v = 0.41 + 0.06 or vy = -2.36 + 0.06. The results are ambigzuous
because the experimerts detected phctons and positrons in a region
of phase space vhere the term in the decay rate proportional to
(l+y)? dominates. Ve report here data that resolves the ambiguity
in the measurement of v.

Pions passed through a CH; degreder and a segmented
scintillation heam counter, then stopped and decayed in a planar CH;
target in the Crystal Box. The trigger required a coincidence
within 25 ns of a positrorn quadrant and an opposite photon quadrant;
these signals had to appear within 50 ns of a signal from the beam

counters. The trigger tecorded ~ 107 candidates from 4 x 101° pion
decays. Events from u* 2 e*wiy vere eliminated by requiring
E, |Be + B,| > 115 MeV. Events from n* » e*y,y and randop

coinc15ences in tfe shaded region of Fig. 6 with 105 ¢ 6 < 180
vere retained for subsequent analysis.

The ratio of the number of prompt events in the cross-hatched
region of Fig. 6 to the number of pion stops (corrected for
n*t -+ e vey detection efficiency) gave the measured branching ratio
for n* > e*v vy in this region. Comparing this measurement to the
branching ratio calculated as a function of vy, we find
y = 0.22 + C.15 or v = -2.13 ¢ 0.15, in agreement with the previous
measurements.
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Fig. 6. n¥evy Dalitz plot Fig. 7. n+evy likelihood

The distribution of events in the shaded region of Fig. 6 vas
used to resolve the ambiguity in y. Ve maximized the likelihood

n 1
L(ngyyr¥) = [ RME XEAR 1? R<*1)J

by varying the ratio v and the parameters Neyy and ngp = N -n
that estimated of the number of n* 2 e v anx random events in th



sample of N events. P_ and R vere the probability distriburions for
n* + e*v_y (for a parfizular value of y) and randoms, respectively.
The coor&inates of 3 vere ©_ _, At__, E_ , and Ev'

Fig. 8 shows the normaf!zed ffkelfhood as a function of v. The
positive value for y is favored over the negative value by a
likelihood ratio of 2175 to 1. Thus we obtain the unique solution
vy = 0.22 £ 0.15. Th2 nev world average is vy = 0.38  0.06.

3. SUMMARY

Using data from p* decays in the Crystal Box detector, we have
obtained improved upper 1limits on the branching ratios of the
lepton-family-number nonconserving decays u* + e*y and u* -+ e*yy of
Bo, < 4.9 x 10711 and Beyy £ 1.5 x 10719, respectively. Using data
from n* decays, we have Ysolved the ambiguity in the measurement of
v, the ratio of plon axial-vector to vector form factors, in favor
of the positive value, wvith a nev world average of vy = 0.38 + 0.06.
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people at each of our institutions and from the operations staff at
LAMPF. This work was supported in part by the U.S. Department of
Energy and the National Science Foundation.
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